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Abstract

The rapid solidification dynamics of a pulsed-laser-melted hypoeutectic Al-Cu thin-film alloy
were monitored using in-situ transmission electron microscopy with high spatial and temporal
resolutions. Direct observation of the solid-liquid interface during the transformation allowed
measurements of the time-evolving solidification front morphology and velocity. Transitions in
the growth mode were detected and related to acceleration and instability at the solidification
front. A banded structure that forms during instability at high solidification front velocities,
previously only observed ex sifu in postmortem analyses, was imaged during formation,

providing insight to the growth mechanisms of this banded morphology.



1. Introduction

Solidification processing is an important step in the fabrication of metals and alloys, which are
used in engineering components and systems for application in electronic, electro-magnetic, and
electro-optical micro-devices, as well as biomedical, petrochemical, energy, and transportation
technologies [1]. Manipulation of the solidification conditions and constitutional effects at the
solidification interface induces microstructural changes in the resultant solid and can therefore be
used to control properties. Far-from-equilibrium solidification processing of metals and alloys
(e.g., using electron or laser beams) can involve very large thermal gradients of ~10°~10" K-m'
and rapid cooling rates of 10°~10" K-s™' [2]. Such extreme solidification conditions enable severe
microstructural refinement of grains and precipitates, extension of solid solubility limits, non-
equilibrium phase formation including amorphous phases, and partitionless solidification. The
latter produces solid alloy crystals with the same composition as the liquid, establishing a state of
maximum extension of the solid solubility. Hence, rapid solidification of alloys has been widely
studied and recognized as a viable processing route to obtain unique microstructures with
potentially advantageous properties that are not obtainable with conventional solidification
processes [3].

Prior studies of rapid solidification have shown particular interest in Al-Cu alloys with
Al-rich compositions due to the large body of well-defined thermophysical, optical, and
solidification data that exists for this system [4-7]. The Al-rich portion of the Al-Cu equilibrium
phase diagram [8], shown in Fig. 1, contains a eutectic with terminal phases of a-Al and 6-ALCu.
The eutectic temperature and composition are 548°C and ~17at%, respectively. Numerous
studies on the rapid solidification of Al-Cu alloys [9-20] have reported observations of various

microstructural features, including degenerate eutectics [10,17,19], cellular and dendritic



morphologies [11-13,17,19], and banded structures [10,12,14,15,17,19]. Solidification
microstructure selection maps have been determined as a function of composition and
solidification velocity [17,19] for Al-rich Al-Cu alloys that were rapidly solidified after surface
melting with a scanned continuous-wave laser. Furthermore, a solidification-front-velocity
dependent extension of the range for eutectic growth has been established using Al-rich Al-Cu
alloys as a model system and was rationalized in terms of a competitive growth model [21].
Rapid solidification under far-from-equilibrium conditions can also occur in nanoscale systems
with planar thin-film geometries [1,2]. Extreme solidification front velocities in the range of 1—
100 m's” have been reported for solidification in metal thin films after pulsed-laser melting [22-
24]. In order to develop better understanding of the processes responsible for establishing the
unique and often scale-refined microstructures obtained by rapid alloy solidification, direct
experimental observations of the dynamics associated with the solidification front would be
desirable and instructive. However, the high velocity of the transformation front during rapid
solidification processes renders microscopic experimental in-situ imaging and characterization of
the evolving microstructure and solidification front morphology extremely challenging. For
instance, consider a solidification front moving with a relatively slow velocity of 1 mm-s™. In-
situ imaging experiments conducted with conventional data acquisition rates of 30 frames per
second corresponds to a temporal resolution of ~33 ms per frame and, limited by motion blur,
would offer spatial resolution of only ~33 um. Hence, prior reports on the microstructure
evolution during rapid solidification have been based almost entirely on post-mortem analyses
[13,15,17].

In-situ experiments with the required nanoscale spatiotemporal resolution to monitor

rapid solidification processes are enabled by the dynamic transmission electron microscope



(DTEM) [25-32] at Lawrence Livermore National Laboratory and have been performed
previously on pure Al metal thin films [24]. Direct imaging and diffraction-based TEM studies
can provide unique insight into the mechanisms and kinetics governing rapid solidification
processes. For example, in-situ DTEM studies of rapid solidification in pure Al determined a
deceleration of the morphologically planar solidification front [24]. Changes in solidification
front velocity are expected when growth-mode transitions occur, as reported for Al-Cu alloys
[16,17,19]. Past reports on solidification front velocities during rapid solidification usually
represent averages for the complete liquid-solid transformation and fail to detect changes in
velocity [33].

Here, Al-Cu alloys constrained to a thin-film geometry serve as a model system toward
the development of state-of-the-art in-situ TEM techniques for experimental research on
nanoscale phenomena during rapid solidification. Hypoeutectic alloys with composition Al-
7at%Cu were pulsed-laser melted and the microstructural evolution during subsequent rapid
solidification was monitored in situ in the TEM at high spatial and temporal resolutions to
provide unique observations and measurements regarding the dynamics under these far-from-
equilibrium conditions. Post-solidification microstructural analyses were performed to
complement the in-situ DTEM studies.

2. Experimental Procedures

Hypoeutectic Al-7at%Cu (Al-15wt%Cu) alloy thin films were deposited to a thickness of ~80
nm by electron-beam evaporation (Pascal Technologies Dual E-Beam Deposition System) onto
50-nm-thick amorphous SizN4 support films of 500x500 pm windowed TEM grids (Ted Pella,
Inc.). The alloy films were deposited in high vacuum (base pressure below 5x10™® Torr) at a rate

of 2-2.5 nm-s”! with the substrates held at 298 K.



In-situ rapid solidification experiments were conducted in the DTEM [25-32] using a
1064-nm wavelength, ~15-ns pulsed Nd:YAG laser with a Gaussian beam profile (1/¢* diameter
of 135£5 pum) to provide the thermal stimulus that drives melting. A laser pulse fluence of
~300+10 mJ-cm™ incident at 45° was used to melt the Al-Cu thin films. Imaging of the rapid
solidification dynamics in the DTEM was performed with a 15-ns duration electron pulse
containing a sufficient number of electrons (>2x10”) for single-shot bright-field (BF) diffraction-
contrast imaging. The imaging electron pulse is generated at a preset delay time relative to the
pump pulse using a Nd:YLF laser pulse, resulting in pulsed photoemission of electrons from the
modified electron source. The 15-ns duration of the electron pulse represents the temporal
resolution of the DTEM imaging experiments of the transient, solidifying structure in the alloys.

The alloy thin films have been characterized by TEM analyses before and after rapid
solidification in the DTEM. Pre-solidification analyses were performed using a JEOL JEM-
2100F TEM/STEM operated at 200 kV and equipped with an X-ray energy dispersive
spectrometer (EDS) (Oxford Instruments) and a Philips CM300 FEG ST TEM operated at 300
kV and equipped with a Gatan Imaging Filter (GIF) and EDS (Oxford Instruments). Post-
solidification analysis was conducted in the Philips CM300. This TEM is also equipped with an
orientation mapping system (ASTAR/DigiSTAR, NanoMEGAS) that was used for analyzing
grain orientations of rapidly solidified regions of the thin film. Large-area orientation maps were
obtained by indexing electron diffraction patterns acquired with an electron probe size of 10 nm
from locations separated by 100-nm steps across a ~20 pm x 20 pm scan area. Bright-field and
high-angle annular dark-field (HAADF) STEM imaging was conducted with a JEOL JEM-

2010F TEM/STEM instrument operated at 200 kV.



3. Results

3.1. Initial state

Fig. 2(a) shows a BF TEM image of the Al-Cu alloy thin film prior to solidification experiments,
revealing that the initial state of the film was nanocrystalline with an average grain size of ~50
nm. Fig. 2(b) shows an experimental selected-area electron diffraction pattern from the initial
film with a simulated diffraction pattern. Fig. 2(c) presents the rotationally integrated profile of
the experimental diffraction pattern in Fig. 2(b). The diffraction data reveals that the film
consisted of nanocrystalline grains of the equilibrium oa-Al and 6-ALCu phases. This phase
separation was associated with natural aging of the alloy thin films after deposition and should
have little effect on the solidification experiments, as the laser-irradiated regions of the film were
completely melted during the experiments, which will yield a liquid with the nominal
hypoeutectic composition of the film, Al-7at%Cu.

3.2. Time-resolved observations of rapid solidification

Pulsed-laser melting and re-solidification of the alloy films was conducted by a series of pump-
probe experiments at different time delays in the DTEM. Fig. 3 presents selections of BF TEM
micrographs from two separate time-delay series. For each micrograph, the time delay after the
pump pulse initiated melting of the alloy is shown as an inset. Scale markers are different for the
two separate series of experiments and are shown for the first images in each series of Fig. 3(a)
and (b), respectively. The two time-resolved series were recorded at different magnifications to
reveal various features of the microstructure evolution during rapid solidification. Each BF TEM
micrograph in Fig. 3 is obtained from a separate solidification experiment performed on an as-
deposited region of the film at a different time delay, such that the full set of images yields an

ensemble-average picture of the solid-liquid interface propagation. Prior to melting, the film



showed little contrast at this magnification due to the fine-scale grain size, as shown in the first
frame of Fig. 3(a). The solid-liquid interface is indicated in the 15 ps and 10 ps images of Fig.
3(a) and 3(b), respectively. The liquid melt pool appears featureless and lacks contrast, while the
newly formed solid phase consuming the alloy melt displays contrast features in the BF TEM
micrographs as a result of grain growth and crystallographic orientation.

Salient features of the solidification process are evident upon inspection of the time-
resolved images of Fig. 3. The solid-liquid interface was curved on the micron length scale (the
melt pool was elliptical due to the angle between the laser and specimen, with dimensions of ~27
pm and 35 pm for the minor and major axes, respectively), but appears morphologically smooth
at length scales on the order of the film thickness, with no evidence of constitutional dendritic
growth due to morphological instability at the solidification front. These instabilities can result
from solute rejection into the liquid, creating a constitutionally undercooled boundary layer
ahead of the advancing solid-liquid interface. At a delay time between 20-25 ps, there was a
marked change in the curvature of the solid-liquid interface to a more faceted, chevron-like
appearance, which is apparent in both 25 ps images. This change in the morphology of the
interface was accompanied by a sudden increase in the velocity of the solidification front, seen
by the noticeable decrease in the size of the melt pool. The morphology and velocity changes
coincide with the onset of a large, central microstructural zone. The complex structure of this
central zone is a banded structure (most clearly seen in the 25 us image of Fig. 3(a), as indicated),
common to many rapidly solidified alloys [15,34-37] when the solidification conditions approach
a critical velocity leading to an instability [38,39] at the solid-liquid interface. Finally, the alloy

was completely re-solidified by ~30 ps after the laser-induced melting of the alloy film.



Even at the relatively low magnifications of the BF TEM micrographs in Fig. 3, it is
apparent that morphologically distinct microstructural zones formed during the rapid
solidification process. Around the periphery of the initial melt pool, a region of small grains with
random orientations developed. The random crystallographic orientations of these grains are
evident based on the contrast, where darker grains signify a stronger diffraction condition, e.g.,
closer to a zone-axis orientation. This perimeter region of small, morphologically equiaxed
grains generated a characteristic columnar zone, with columnar grains growing into the melt pool
opposite to the direction of heat flow. In this thin-film geometry, heat is primarily transported in
the plane of the film, with a negligible temperature gradient in the film-normal direction within
~50 ns after the laser pulse. Radiative cooling is negligible for the times and temperature scales
of these experiments, given the low emissivity of the 93% pure aluminum. Thus the great
majority of the heat flow is radially outward, from the hot liquid to the cooler surrounding areas.
The solid film surrounding the liquid alloy melt pool is analogous to a mold surface in a casting
or the solid bulk substrate in a surface melting scenario, with the primary difference being the
nanoscale thickness of the film, making the experimental geometry essentially two-dimensional.
The columnar zone abruptly terminated at a large, central microstructural zone consisting of
what appears to be a few large grains with a complex intragranular structure that contains the
banded structure mentioned previously. The nature of and relationships among all of the
microstructural zones will be further discussed in subsequent sections.

3.3. Post-solidification characterization of microstructure and morphology
Fig. 4 displays a montage of BF TEM images showing the resultant microstructure of the rapid
solidification process across an entire pulsed-laser-melted region. Three microstructural zones

are evident, as labeled in Fig. 4: (1) a heat-affected zone containing a small-grained



microstructure at the perimeter of the melt pool, (2) a transition zone, and (3) a growth zone
containing a columnar morphology with a eutectic micro-constituent and large central grains
with a morphologically banded structure. Each of these zones will be discussed individually. The
contrast in the BF TEM images of Fig. 4 suggests that certain columnar grains forming zone 3
generated the complex central structure. Thus, the arrowed columnar grain on the right side of
Fig. 4 exhibits dark contrast after positioning the grain into a [011] zone-axis orientation (i.e., the
electron-beam direction, and hence the film normal, is close to a [011] crystallographic axis), and
it is clear that the large banded central structure and columnar structure are contiguous and of
identical orientation, i.e., they are part of the same grain. Notably, on the left side of Fig. 4, the
arrowed, strongly diffracting columnar grain wraps around another large banded grain in the
central region of the microstructure. The two arrowed grains that partly constitute the central
zone of the rapidly solidified alloy microstructure are not a single grain, but are separated by a
grain boundary, as indicated in Fig. 4.

Fig. 5(a) and 5(b) provide, respectively BF TEM and annular dark-field (ADF) STEM
images of the zone 1 microstructure at the perimeter of the laser-melted region. The images show
primary a-phase grains with a Cu-enriched phase between these grains (evident in the ADF
STEM image of Fig. 5(b), where the contrast displays a dependence on atomic number, Z [40]).
Relative to the structure of the alloy thin film prior to pulsed-laser melting, this region exhibits
more  pronounced phase separation of the o-Al and 0-ALCu ODOO0-
0000000000 and, while maintaining equiaxial o-phase grain morphology, clearly has
coarsened in scale. There are a large number of a-Al grains of still relatively small size (~150—
200 nm) in zone 1, which indicates a three- to fourfold increase in grain diameter relative to the

state prior to pulsed-laser melting. The microstructural coarsening can be attributed to the



thermal exposure experienced in this perimeter region during the pulsed-laser heating and the
subsequent transport of heat.

The microstructure shown in Fig. 5 is part of a larger heat-affected zone that results from
the relatively soft profile of the Gaussian laser spot, so that significant photon energy is absorbed
beyond the melt-pool range. The heat-affected zone was observed in low-magnification post-
mortem SEM images and extends radially ~30-35 pm beyond the melt pool. A heat-affected
zone has previously been identified in pure Al thin films after pulsed-laser melting under
comparable experimental conditions [41]. This heat-affected zone can be related to the
equilibrium phase diagram (see Fig. 1) as the region of the exposed film that experienced
temperatures below the melting temperature (~615°C for an Al-7at%Cu alloy) but high enough
to undergo further microstructural evolution. The temperature profile through the heat-affected
zone will decay with distance from the edge of the melt pool from the melting temperature,
through the mixed-phase (a+L) region of the equilibrium phase diagram to the eutectic
temperature (~615°C to 548°C), and then to temperatures below the eutectic temperature. At
temperatures below the eutectic, coarsening and further phase separation will drive the
morphology evolution of the initial (o+0) microstructure. At temperatures above the eutectic but
below the melting temperature, nucleation of the primary solidification product phase, the pro-
eutectic a-Al micro-constituent, can potentially occur in conjunction with this coarsening and
phase separation.

The region of the film shown in Fig. 5 was adjacent to the initial melt pool and therefore
likely heated to a temperature above the eutectic in the (a+L) mixed-phase region of the phase
diagram. This microstructure consists of a typical hypoeutectic structure, with grains of pro-

eutectic a-Al phase surrounded by a Cu-enriched phase. Based on equilibrium considerations
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using the phase diagram, this surrounding Cu-enriched phase was initially a liquid after laser
melting. If the cooling rate was slow enough to maintain near-equilibrium solidification,
sufficient solute partitioning would increase the composition of this liquid to the eutectic
composition and a eutectic structure or micro-constituent would form. However, a eutectic
micro-constituent with a typical lamellar morphology was not detected. This potentially signals a
deviation from equilibrium solidification even during this early stage of the alloy solidification
process.

The zone 2 microstructure is illustrated in the BF TEM and ADF STEM images shown in
Fig. 6(a) and 6(b), respectively. Zone 2 is a transition zone to growth-controlled solidification,
where grains of a-Al solid solution crystallize and grow inward toward the center of the melt
pool. This growth commenced, based on the time-resolved images, ~10 ps after melting with the
pulsed laser. As indicated in the micrographs of Fig. 6, a-Al solid solution grains grow with
shapes elongated along the direction of growth opposite the direction of heat flow, clearly
deviating significantly from the equiaxed grain shapes in zone 1 and in the alloy prior to pulsed-
laser melting. During zone 2 growth, solute rejection into the liquid will cause perturbations
along the solid-liquid interface [42]. As these perturbations amplify, the growth rates at the peaks
and troughs of these perturbations begin to differ. Unlike at troughs, solute can be rejected
laterally at the peaks, resulting in an increased undercooling and growth rate [42]. This excess
solute will accumulate in the perturbation troughs, leading to the formation of a cellular/dendritic
structure, as is seen directly beneath the upper dashed line in Fig. 6(b). This cellular/dendritic
morphology rapidly transitions to a columnar structure with a eutectic growth mode, indicated by
the lower dashed line in Fig. 6(b). This columnar morphology can reach an optimum growth

form by an occlusion process, where competitive growth of these grains in zone 2 resulted in a
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subset of these grains expanding laterally sufficiently rapidly to obstruct growth of some
neighboring grains. The grains surviving the occlusion process continued to grow inward toward
the center of the melt pool, producing the morphologically columnar microstructure of zone 3.
During the transition from zone 2 to zone 3, the crystal growth mode changed from a hypo-
eutectic mode with pro-eutectic a-Al solid solution grain formation to eutectic solidification.
This can be inferred from the appearance of the Cu-enriched intragranular precipitates (bright
contrast in the DF STEM image of Fig. 6(b)) throughout the morphologically elongated grains
comprised of an a-Al solid-solution matrix (dark contrast in Fig. 6(b)). These zone 3 grains with
a columnar morphology represent eutectic solidification and the transition to this eutectic
solidification mode occurred approximately along the lower dashed line in Fig. 6(b).

The morphologically columnar grains of eutectic solidification product form the majority
of the zone 3 microstructure. These large, elongated grains stretch from the edge of the melt pool
(zone 2) to the central banded structure of zone 3, and they range in length from ~10-15 pm and
width from ~0.5-2 pm with a thickness of 0.08 pum. Typically, between six to eight of the
morphologically columnar eutectic grains of zone 3 are involved in another growth mode
transition, which is associated with formation of the central banded solidification microstructure.
Fig. 7(a) shows BF TEM montage images of multiple grains that constitute the columnar
morphology of zone 3. Each of these columnar grains was tilted to a strongly diffracting zone-
axis orientation and therefore appears dark in contrast. Three types of columnar grains are shown
in Fig. 7(a): 1) grains that terminate at or before the central banded structure; 2) and 3) grains
that form the central banded structure. The majority of columnar grains in zone 3 are of type 1.
The occlusion process continues in zone 3, which is particularly evident in the image showing

the type-1 columnar grains, where three grains are in a zone-axis orientation—two of these

12



grains are occluded by neighboring grains while one columnar grain terminates at the central
banded structure. The type-2 grains are those that develop into large banded grains in the central
region. The type-3 grains are those that wrap around the type-2 grains and together with the latter
constitute the central banded morphological region. In all solidification experiments involving
Al-7at%Cu alloys, only two type-2 grains developed, both along the major axis of the elliptical
melt pool at the two points of highest curvature on the solid-liquid interface (see Fig. 3 and Fig.
4). These type-2 grains are large in area, spanning ~15 grain diameters along the solid-liquid
interface. A number of type-3 grains form, growing along isotherms in the melt pool and
wrapping around the type-2 grains. As will be shown, this growth morphology is directly related
to the solidification front velocity and instability at the solid-liquid interface, where the
instability initiates the transition to the third growth mode.

An automated crystallographic orientation mapping system was used to acquire and index
diffraction patterns from the zone 3 region of the pulsed-laser-melted microstructure shown in
Fig. 4. As in postmortem analysis of rapidly solidified Al thin films [24], the ASTAR/Digistar
orientation mapping system from NanoMEGAS [43-45] was used to acquire and index position-
sensitive electron diffraction patterns. This orientation mapping provided more robust and easier
identification of grains, grain boundaries, and grain boundary character than conventional
diffraction-contrast imaging in the TEM. A virtual BF image, formed using the central spot
intensities from each diffraction pattern acquired across the scanned region, with the
corresponding orientation map are provided in Fig. 7(b). The orientations plotted, indicated in
the color-coded stereographic triangle legend, are parallel to the solidification front growth
direction (labeled GD for selected grains in the figure). As shown in the orientation map (Fig.

7(b)), no distinct, preferential crystallographic growth direction is evident in the zone 3 grains,
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implying randomness in growth direction selection. This is consistent with planar/columnar or
non-dendritic growth, where columnar grains grow with their growth axes parallel to the
direction of heat flow, regardless of crystal orientation [42] (as opposed to dendritic growth
where, for fcc crystals, preferred growth occurs along the <001> direction that is closest to
parallel with the direction of heat flow). Clearly, six different columnar grains are responsible for
the formation of the central banded morphology during rapid solidification of the hypoeutectic
Al-Cu alloy, and these six grains are labeled A—F in Fig. 7(b). The grains A and B are two large,
single type-2 grains with identical orientations as their respective parent columnar grains, while
grains C—F are type-3 “wraparound” grains. It should be noted that the growth directions of these
six grains, based on the orientation map in Fig. 7(b), are all close to or along a <001>-type
direction. While further investigation of the texture and growth directions of these grains is
necessary, it may be that during the growth-mode transition to cellular/dendritic growth in zone 2,
a [001] growth direction was established along the direction of maximum heat flow.

The type-2 grains of zone 3 exhibit a morphologically banded internal microstructure, as
shown in the BF and HAADF STEM images of Fig. 7(c). This banded structure consists of
alternating light and dark bands, as observed in prior studies [15,17,37], where the light bands
are microsegregation-free a-Al, a product of partitionless crystal growth, and the dark bands are
composed of the same eutectic micro-constituent that is present throughout the columnar
structure. The arrows in Fig. 7(c) delineate the type-3 “wraparound” grain labeled D in Fig. 7(b),
which also exhibits the banded morphology. This banding exists in both the type-2 and type-3
grains and occurs in both types of grains perpendicular to the direction of heat flow (and
temperature gradient). The first band that appears in all of the rapidly solidified films is always

the light contrast, microsegregation-free band. The overall arrangement of the alternating bands
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of partitionless and eutectic solidification product in the central structure appears to follow the
profile of isotherms within the elliptical melt pool. The time-resolved bright-field TEM images
from the DTEM time-delay series shown in Fig. 3 provide direct evidence for the increase in
crystal growth rate associated with the change in growth mode in zone 3 that produces the central
banded morphology. Composition analyses by EDS have shown that the featureless regions
exhibit the nominal alloy composition, consistent with partitionless solidification, while selected-
area diffraction patterns obtained from the eutectic solidification product in both the columnar
and banded regions of zone 3 indicate that the precipitates with Cu-enriched compositions are
consistent with O-phase-related structures [4,11]. A continuous Cu-enriched phase at the
boundaries between all columnar grains was also observed in zone 3, evident in Fig. 6(b). This
phase results from Cu rejection at the solid-liquid interface during solidification. The curvature
of the solid-liquid interface at boundaries between solidifying grains will be higher than the
curvature along the rest of the interface, due to the crystallographic misorientation between
neighboring solifidying columnar grains, leading to enhanced rejection of Cu at the boundaries
and the observed formation of a Cu-enriched phase at all boundaries.

3.4. Kinetics

The solidification front velocities along the semi-major, a, and semi-minor, b, axes of the

elliptical melt pool, and , have been determined” and are shown in Fig. 8. The varying

" The solidification front velocities were determined by first measuring the position of the solid-
liquid interface with time, and , relative to the initial position, and , from the time-
resolved TEM images, yielding the following exponential functions of time for the position of
the solid-liquid interface along the two axes: = 0.0189exp[0.2855/] (R* = 0.977) and =
0.0155exp[0.2848¢] (R* = 0.973). Evaluating the derivatives of these functions at each time, ¢,
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curvature along the solid-liquid interface results in a range of solidification front velocities, with
the maximum and minimum velocities occurring, respectively, along the semi-major and semi-
minor axes of the melt pool, as these points of the solidification front exhibit the highest and
lowest curvatures, respectively. The velocity for the time interval up to 20 ps corresponds
entirely to the columnar eutectic product formation in zone 3 and was associated with increasing
velocities up to ~1.5 m's”. The transition in growth mode to the central banded morphology was
observed in the DTEM experiments at ~20-25 ps delay time after pulsed-laser melting of the
alloy. The average velocities associated with the formation of the central banded morphology
were in the range of ~4.5 m's™. On average, the solidification front accelerated during the rapid
solidification of the hypoeutectic Al-7at%Cu alloy, reaching a maximum velocity of almost 7
ms™ at the points of highest curvature (along the semi-major axis of the melt pool) of the
transformation interface. These points of maximum velocity were the points of origin for the two
large grains associated with formation of the vast majority of the central banded morphology (the
instability at the solid-liquid interface initiated at these two points).

4. Discussion

The nanoscale spatiotemporal resolution offered by the DTEM enabled direct, in-situ
experimental observations of the solid-liquid interface evolution, transformation products, and
growth-mode changes occurring at the transformation front during rapid solidification in
hypoeutectic Al-Cu alloy thin films after pulsed-laser-induced melting. These time-resolved
observations yielded measurements of the solidification front velocity and how it varied with
time. Combining the in-situ DTEM observations with the postmortem ex-situ TEM observations

provides an in-depth description of the solidification microstructure as a function of kinetics.

gave the instantaneous velocities of the solidification front, and , along the semi-major and

semi-minor axes of the melt pool.
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Overall, evolution of the velocity of the solidification interface is expected. The solid-
liquid interface has zero velocity until growth begins in zone 2 and then accelerates, presumably
reaching a steady state or accelerating at a lesser rate than in zone 2 during the zone 3 columnar
eutectic growth, to the point of instability at the transformation interface. While the experimental
DTEM images show the microstructure evolution associated with the measured acceleration of
the solidification front at unprecedented spatial and temporal resolutions, they do not always
capture with complete accuracy the velocity evolution during the growth-mode changes. In zone
2, the observed microstructure and solidification front velocities are consistent with a velocity
that is a smooth function of time, which can be estimated with reasonable precision. In zone 3,
observations of the resultant microstructure and measurement of the overall time scale, coupled
with the general phenomenology of rapid solidification [15,17,19,37], strongly suggests an
extremely unsteady, oscillatory velocity with time. This oscillatory velocity evolution can be
represented schematically, though the quantitative details cannot be captured with microsecond-
scale ensemble-average measurements.

The overall time-varying velocity of the solidification front is illustrated schematically in
Fig. 9. This plot of the velocity evolution (solid curve) was constructed by combining qualitative
interpretation of the in-situ and postmortem ex-situ results of this study and prior postmortem ex-
situ studies [15,17,19,37] with phenomenological modeling [37] of rapid solidification
morphologies. Experimentally observed morphologies were related to velocity evolution using
the considerations of solidification theory [37,42] when developing Fig. 9, which predicts, for
growth in a positive temperature gradient, the solidification front to evolve morphologically from
planar to cellular to dendritic to cellular to banded to planar with increasing velocity. The

phenomenological model [37] considered undercoolings at a solid-liquid interface for dendritic
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and eutectic alloys and found a range of velocities that led to oscillatory instability at the
solidification front. Two critical velocities that depend on solute trapping and attachment kinetics
were predicted and correspond to transitions from dendritic/eutectic growth to bands and from
bands to completely partitionless solidification. Thus, the previously published model [37]
provided estimates of velocities with the appropriate order of magnitude to understand this
oscillatory instability associated with the banded morphology.

Fig. 9 also overlaps the experimentally determined time-varying velocity of the
solidification front (dashed curve, as in Fig. 8) with the qualitative schematic plot. This
illustrates the difficulties associated with capturing the evolution of the solidification front using
microsecond ensemble-average measurements, particularly during rapid acceleration and
instability propagation. The capability to image a single solidification event at multiple time
delays with variable, fine temporal spacing has recently been enabled by upgrades to the DTEM
instrument [46,47] and will be the focus of future rapid solidification work. However, we can
still correlate the observed solidification microstructure with the measured time-varying velocity
at the temporal spacings employed in the current DTEM experiments, using postmortem images
of the microstructure and Fig. 9 as a guide to understanding the microstructure evolution and
changes in growth mode.

Motion of the solidification front does not commence until ~10 ps after pulsed-laser
melting. The 10-us delay between melting and initial motion of the solid-liquid interface can be
explained by considering the difference in laser absorptivity between the solid and liquid states
of the alloy. When irradiated with a pulsed laser, the absorptivity of aluminum undergoes a
stepwise increase at the melting temperature [48]. This absorption of liquid aluminum is ~1.5-2

times greater [48,49] than that of aluminum in the solid state. Melting of the thin film occurs at
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picosecond timescales [50] and will commence at the upper surface due to skin-depth effects.
The liquid melt pool therefore absorbs significantly more energy during pulsed-laser irradiation
(15 ns), leading to a steeper initial thermal gradient in the liquid relative to the solid thin film. A
mixed-phase solid-liquid region will also be present around the perimeter of the melt pool after
pulsed-laser melting but it is expected to collapse in much less than 1 us based on the thermal
conductivities, heat of fusion, and estimated temperature gradients present at the end of the laser
pulse. The first 10 us after laser irradiation should therefore be characterized by rapid collapse of
this mixed-phase region followed by evolution of the temperature gradients in the solid and
liquid phases toward values that provide the thermal conditions for growth. At these
temperatures (i.e., roughly 600°C based on the phase diagram (Fig. 1)), the thermal
conductivities, «, of the solid and liquid Al-Cu alloy are, respectively, ~185 and 85 W-m"-K!
[7,51], while the thermal conductivity of the amorphous silicon nitride membrane is ~10 W-m’
LK [52]. Thus, heat will flow predominantly through the solid alloy film during cooling.

Growth began in zone 2 at ~10 ps after pulsed-laser melting of the alloy film. This initial
growth of the solidification front was evidenced by the elongation of a-Al grains along the
growth direction (Fig. 6). Due to the small grain size, a varying crystallographic orientation was
present along this initial solid-liquid interface, and therefore the growth front advanced with a
columnar morphology.

As solidification progresses a constitutionally undercooled liquid will develop as a result
of Cu rejection from the solidified alloy, leading to Cu enrichment in a boundary layer ahead of
the solid-liquid interface. As discussed previously, this solute rejection will allow local
perturbations along the solid-liquid interface to extend into the undercooled liquid, and growth

proceeds as these perturbations advance the solidification front. The first growth-mode change
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occurred in zone 2, as a morphological instability due to this constitutional undercooling at the
solidification front leads to formation of a cellular/dendritic structure, indicated by the upper
dashed line in Fig. 6(b). Cellular growth occurs at the limit of constitutional undercooling [42],
which depends on the thermal gradients at the solid-liquid interface, and the transition from cells
to dendrites occurs at a transition velocity, Vi, given by the critical velocity at the limit of
constitutional undercooling divided by the equilibrium partition coefficient, vc/Ke [53]. For an
Al-7at.%Cu alloy (ke=0.17) this transition velocity corresponds to an approximately six-fold
increase in the velocity. Based on the postmortem images of the microstructure in Fig. 6, the
solidification front became morphologically unstable, indicated by the cellular/dendritic
appearance between the dashed lines in the figure, and likely transitioned rapidly from planar to
cellular to dendritic. A second growth-mode change occurred soon after this transition to
cellular/dendritic growth, indicated by the lower dashed line in Fig. 6(b). The constitutional
undercooling facilitated evolution from a hypoeutectic to a eutectic growth mode, consistent with
the implications of Burden and Hunt [21,54,55], which indicate that given sufficient driving
forces a rapidly moving solidification front in hypoeutectic Al-Cu alloys prefers kinetically
modified eutectic growth over dendritic growth of the primary pro-eutectic micro-constituent,
resulting in an entirely eutectic structure. Given the spatial dimensions of the zone 2
microstructure, ~750-1000 nm along the growth direction, and the measured position of the
solid-liquid interface as a function of time, it is likely that these two changes in growth mode
occurred, and zone 2 solidification was complete, during the first ~50—100 ns after solidification
began. This implies a rapid acceleration during zone 2 solidification, which corresponds to a
rapidly increasing driving force for solidification. This rapid acceleration in zone 2 is illustrated

schematically in the inset of Fig. 9.
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The second growth-mode change to eutectic growth marks the transition from zone 2 to
zone 3. In zone 3, the columnar morphology with an entirely eutectic structure grew while the
solidification front continued to accelerate and the velocity rapidly approached and exceeded 1
m's”, as measured from the time-resolved experiments (see Fig. 8). The acceleration was
presumably not as rapid as in zone 2, as schematically illustrated in Fig. 9, since there were no
changes in growth mode until instability development leading to the banded morphology.

At this transition to eutectic growth, the solidification front velocity likely exceeded the
rate of solute transport at the interface. A large undercooling develops rapidly to temperatures
below the eutectic temperature (548°C) due to heat extraction and constitutional effects, leading
to rapid acceleration. In this high-velocity regime, the velocity is no longer a strong function of
the temperature gradient and further undercooling and acceleration are driven by capillarity
effects and attachment kinetics [56]. The observed eutectic structure in zone 3 is consistent with
predictions of eutectic solidification modes in hypoeutectic alloys for sufficiently high
solidification front velocities [21,42,54-56]. The analyses of Burden and Hunt [21,54,55] show
that the cellular/dendrite tip temperature decreases as velocity increases, the spatial temperature
gradient does not significantly affect the reduction in tip temperature, and at high-velocity
conditions the undercooling at the interface becomes proportional to the square root of the
velocity (AT ~ +/V). This implies increased undercooling at the accelerating solid-liquid
interface and therefore it is reasonable to reach a condition where the velocity-modified growth
mode produces a kinetically preferred or velocity-modified eutectic. A range of alloy
compositions that undergo eutectic solidification for a specific solidification front velocity, or
coupled zone, exists, and eutectic solidification can occur at compositions other than the

thermodynamic eutectic composition [42,56]. This coupled zone typically expands and shifts its
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composition range as the velocity and undercooling are increased, and the coupled zone, which
consists of an entirely eutectic microstructure rather than simultaneous growth of primary
dendrites and interdendritic eutectic, represents an undercooled compositional region where the
eutectic grows more rapidly than dendrites of either of the two terminal phases. Therefore, at the
large velocities of the crystallization front observed in the alloy DTEM experiments, it can be
expected that the eutectic growth mode becomes dominant over the cellular or dendritic growth
modes for the hypoeutectic composition Al-Cu alloys.

The morphology of this eutectic structure (see Fig. 6 and Fig. 7(c)) is clearly not a typical
lamellar eutectic structure. The morphology of the eutectic structure resembles the chaotic,
degenerate eutectic structure observed in previous rapid solidification studies of hypoeutectic
alloys [10,11,16]. This velocity-modified eutectic structure may be a transient growth structure
that is kinetically favored during rapid solidification, which could develop into the steady-state
lamellar eutectic, as has been observed [57]. While, as stated previously, electron diffraction
patterns obtained from the eutectic solidification product indicate a mixture of o and 6-phase-
related structures, attempts to measure the compositions of the two phases using energy-
dispersive spectrometry (EDS) in the TEM have been complicated by the size and embedded
morphology of the Cu-enriched phase. These measurements have indicated that both phases have
compositions close to the nominal composition of the as-deposited alloy (7at%Cu). Further
investigations are required before a definitive assessment of this eutectic product can be provided,
but it is certainly plausible that, given the rapid solidification process, a mixture of o and 6-
related phases could form where each phase has the same composition as the liquid [58].

Zone 3 solidification of the columnar eutectic product progressed with increasing

velocity to the point of absolute stability [38,39], at which point there is a third change in growth
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mode that produces the central banded morphology. This banded structure, detected postmortem
in prior studies [15,17,37], has not been previously observed in situ, and insight to the
mechanism of formation due to this instability can be inferred from the time-resolved images.
This third solidification growth-mode change occurred at ~20-25 ps after pulsed-laser melting
(~10-15 ps after solidification began) and a velocity of ~1.5 ms™. This velocity is consistent
with previous reports on the formation of the banded morphology in rapidly solidifying
hypoeutectic Al-Cu alloys [15,17,19,37]. The instabilities at the transformation interface occur
when the eutectic columnar grains at the points of highest curvature along the melt pool reach a
velocity at the limit of absolute stability [38,39]. Heat extraction will be highest at these points of
highest curvature. This accelerates the growth of these columnar grains and facilitates the
transformation interface acceleration and resultant partitionless solidification [59,60] of the alloy.

Based on the time-resolved images of Fig. 3, the tip radii of the eutectic columnar grains
appear large and nearly planar, which is consistent with models [53] that indicate that the solid-
liquid interface close to the limit of absolute stability should consist of morphologically flat-
topped cells. A growth front that reaches this stability limit becomes morphologically unstable
[38] and can undergo partitionless solidification (the partition coefficient approaches unity).
Based on the models and qualitative interpretation of data used to construct Fig. 9, this stability
limit should be accompanied by a sharp increase in the solidification front velocity of roughly an
order of magnitude, as shown schematically in the figure. The light contrast, precipitate-free
bands in the observed banded morphology (Fig. 7) can be attributed to the solidification front
velocity reaching this absolute stability limit and ensuing partitionless solidification. Due to this
morphological instability, the columnar grains that rapidly accelerated extend sufficiently far into

the melt pool to prevent further growth along the thermal gradient, and the alloy can rapidly
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solidify laterally along isotherms. By following the isotherms around the elliptical perimeter of
the remaining melt pool these grains effectively prevent further growth of adjacent eutectic
columnar grains in zone 3. This growth along isotherms is captured in the 25 ps image of Fig.
3(a), in which the solid-liquid interface of the precipitate-free band that is growing has advanced
further laterally along an isotherm than in the direction toward the center of the melt pool along
the major axis.

During this partitionless solidification, solute is no longer being rejected from the newly
formed solid crystal into the liquid. The temperature of the kinetically modified eutectic liquid at
the interface therefore increases, reducing the undercooling and causing the interface velocity to
decrease gradually back below the absolute stability limit. This leads to solidification by the
kinetically modified eutectic mode, generating the eutectic product again (dark bands). As a
result the solidification front will advance with the chevron-like morphology observed in the
time-resolved images and accelerate again to the absolute stability limit. This instability will be
oscillatory overall, and both the velocity, as illustrated in Fig. 9, and undercooling (temperature)
will fluctuate, with periodic variation in the growth direction [39]. Fig. 9 illustrates these
oscillations and relates the velocity to the light and dark banding of the solidified banded
structure, indicated at the bottom of the figure. The width of the eutectic (dark) bands has been
observed to decrease as the banded structure solidifies (see Fig. 7), which is depicted
schematically in Fig. 9. The width of the eutectic bands in the banded morphology solidification
product has been determined to decrease by about a factor of five, e.g., from ~370 nm at the
onset of the banded structure to ~70 nm when solidification is complete, as measured from Fig. 7.
This indicates that during formation of the banded morphology grains the solidification front

continued to accelerate, approaching velocities that would lead to complete partitionless
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solidification (the width of the eutectic bands approaches zero as the velocity approaches this
limit, though this was not observed in these in-situ TEM experiments). The number of
oscillations included in Fig. 9 convey the number of bands observed in Fig.7, with all 8 of these
oscillations occurring in ~10 ps.

As indicated in Fig. 7, the central banded morphology consists of multiple columnar
grains, both the type-2 grains that form the large banded structure and the type-3 “wraparound”
grains. As shown in Fig. 7(c), these type-3 grains are banded, indicating that here the velocity of
the absolute stability limit has also been reached. When type-3 columnar grains become unstable
and partitionless solidification begins, further growth shifts to a lateral direction along an
isotherm. However, the type-3 grains are constrained to grow in only one direction (away from
the type-2 grain) along the available isotherm, as the type-2 grain, due to its growth along the
axis of highest interface curvature and further protrusion into the melt pool, will prevent growth
in both directions. This implies that the oscillatory instability that leads to banding is dependent
on both heat extraction and local composition fluctuations [39] along the transformation front.
Local composition fluctuations can create large, local undercoolings that produce high
solidification front velocities in these regions. These composition fluctuations are further
supported by the morphology of the banded structure, as seen in Fig. 7(c). While the transition
from eutectic to partitionless solidification is abrupt and characterized by a smooth interface
between the two different growth modes, the transition from partitionless growth back to eutectic
growth along the thermal gradient produces a rough interface, indicating that the transition
occurs at different times along the solid-liquid interface and is likely a result of local

composition fluctuations along the front. Such an overall scenario as described here is suitable to
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rationalize the morphology of the central banded morphology consisting of just a few large-scale

grains and agrees with prior phenomenological [37] and phase-field [61,62] models.
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5. Conclusions

Rapid solidification experiments conducted in the DTEM allowed in-situ observations of the
evolution of the growth front morphology and quantification of solidification velocities with
unprecedented spatial and temporal resolutions. Three microstructural zones were detected in the
solidified microstructure. These microstructural zones were related to the changes in velocity of
the solidification front and crystal growth-mode transitions during solidification. The
solidification front was found to accelerate and three growth-mode transitions were discerned.
The transitions in growth mode were accompanied by rapid acceleration and morphological
instability at the solid-liquid interface. In particular, a morphological instability leading to
formation of a banded structure was observed. The time-resolved TEM imaging experiments
allowed, for the first time, direct observation of this structure during its growth, offering insight
to the oscillatory mechanism of instability evolution and periodic variation in growth direction.
The ability to capture these growth-mode changes in sifu during rapid solidification still remains
somewhat challenging due to the accelerations associated with instability development and
evolution, even with the nanoscale spatiotemporal resolution afforded by the DTEM studies
performed here. Finer temporal spacing between the images in a given series would allow
observation with the required increased resolution in time to reveal additional mechanistic details
of the crystal growth-mode transitions observed here during rapid solidification. For instance, the
inferred acceleration-deceleration cycles associated with the growth-mode transitions during
formation of the banded morphology could be quantitatively assessed. Further work will focus
on performing such measurements using recent upgrades to the DTEM instrument that enable
single-pump/multiple-image-acquisition experiments [46,47] of these rapid solidification

processes.
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Fig. 1. Al-rich portion of the Al-Cu equilibrium phase diagram, showing the eutectic with
terminal phases of a-Al and 0-Al,Cu. The eutectic temperature and composition are 548°C and
~17at%, respectively. The hypoeutectic alloys investigated in this study had composition Al-
7at%Cu, as indicated on the phase diagram. Reproduced after reference [8].
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Fig. 2. (a) BF TEM image of the initial, nanocrystalline Al-7at.%Cu thin film prior to
solidification experiments. (b) Experimental selected-area diffraction pattern (right) from the
initial, as-deposited thin film with a simulated diffraction pattern (left), showing that the film
consisted of both the o-Al and 0-AlL,Cu phases. (c) Rotationally integrated profile of the
experimental diffraction pattern in (b). For reference, the two innermost diffraction rings
correspond to the {110} (2.33 nm™) and {200} (3.30 nm™) planes of the © phase. The third
diffraction ring corresponds to an overlap of the {002} (4.10 nm™) and {121} (4.22 nm™) planes
of the 0 phase with the {111} (4.27 nm™) planes of the a-Al phase.
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Re-solidified

Fig. 3. BF 15-ns-exposure TEM images recorded before and at multiple time delays after laser
melting of an Al-7at.%Cu alloy. Scale bars in upper left apply to all images in (a) and (b),
respectively. Images in (a) and (b) were recorded at different magnifications to capture various
features of the microstructure during solidification.
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Fig. 4. Montage of conventional BF TEM images showing three distinct morphological zones in
the re-solidified alloy film: (1) heat-affected zone containing a hypoeutectic structure, (2) a
transition zone, and (3) a growth zone that contains (a) a columnar region that produces (b) large
central grains with a banded structure. Large arrows indicate two separate columnar grains that
are separated by a grain boundary, as indicated. Both arrowed columnar grains are in a [011]
zone axis.
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Fig. 5. Zone I Microstructure: (a) BF TEM and (b) ADF STEM images of the hypoeutectic
structure in the heat-affected zone.
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Fig. 6. Zone 2 Microstructure: (a) BF TEM and (b) ADF STEM images of the transition zone.
Scale bar applies to (a) and (b). The upper dashed line indicates a transition to cellular/dendritic
growth. The lower dashed line indicates a transition from cellular to columnar growth, with a

concurrent growth-mode change from a hypoeutectic growth mode with pro-eutectic a-Al to
eutectic solidification.
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Fig. 7. Zone 3 Microstructure: (a) BF TEM montage images of columnar grains tilted into zone-
axis orientations. The numerical labels indicate the three types of columnar morphologies. (b)
Virtual BF image and corresponding orientation map of the growth directions (GD). The
standard triangle orientation legend corresponds to the GD in the plane of the film (parallel to the
film-substrate interface). The grains labeled A—F constitute the central banded morphology. (c)
BF and corresponding HAADF STEM images showing the central banded structure. The
black/white arrows indicate a “wraparound” type-3 columnar grain, showing that these grains are
also banded. The images in Fig. 7 also show the presence of pinholes in the film. These holes are
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prevalent throughout the re-solidified alloy and likely due to the hydrogen outgassing of the
amorphous silicon nitride membrane substrates [63].
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Fig. 8. Plot of the velocity of the solidification front with time along the semi-major and semi-
minor axes of the elliptical melt pool, as indicated, for the hypoeutectic Al-7at%Cu alloy,
showing that the solid-liquid interface is accelerating. Error bars were calculated by considering
two additive effects: motion blur and the shot-to-shot fluctuation in the energy of the laser used
to melt the alloy films. The error due to motion blur was calculated by multiplying the velocity at
time ¢ (in nm/ns) by the temporal resolution of 15 ns (the duration of the electron pulse used to
capture the time-resolved images). The fluctuation in the laser energy, , has been
characterized to vary by ~+2.5%. This will produce variations in the semi-major and semi-minor
axes of the initial melt pool, and , between experiments with different delay times. As an
approximation, consider the energy required to create an elliptical melt pool:

A, where n is the number of moles, C, is the molar heat capacity, A is the temperature
change from room temperature to the melting temperature, and is the molar latent heat of
fusion. The number of moles will be proportional to the volume of the initial elliptical melt pool,
given by , where / is the film thickness. Thus, the fluctuations in the semi-major and
semi-minor axes of the initial melt pool, and , will vary by ~+1.25%.
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Fig. 9. Experimentally measured (dashed curve) and qualitatively assessed (solid curve) plot of
the time-varying evolution of the solidification front velocity. The inset shows the rapid
transition from zone 1 to zone 2 to zone 3 growth. The instability that leads to the banded
structure in zone 3 is indicated by the arrow and the sudden increase in velocity at ~20 us, and
the banding that occurs in the microstructure during solidification is indicated by the dark and
light bands below the velocity plot. The bands shown over the final 10 ps of the figure relate to
the number, width, and spacing of the bands observed in Fig. 7.
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